This document is made available in accordance with publisher policies. Please cite only the published version using the reference above. Full terms of use are available: http://www.bristol.ac.uk/pure/about/ebr-terms Evidence of moisture control on the methylation of branched glycerol dialkyl 1 glycerol tetraethers in semi-arid and arid soils 2 3 Abstract 13 The distribution of bacterial branched glycerol dialkyl glycerol tetraethers (brGDGTs) is 14 influenced by growth temperature and pH. This results in the widespread application of the 15 brGDGT-based MBT(')/CBT proxy (MBT-methylation of branched tetraethers, CBT-cyclization 16 of branched tetraethers) in terrestrial paleo-environmental reconstructions. Recently, it was shown 17
BrGDGTs are presumed to be the membrane-spanning lipids of as-yet unknown bacteria 48 that likely favour anaerobic settings (Weijers et al., 2004 (Weijers et al., , 2009 (Weijers et al., , 2010 . The occurrence of 49 brGDGTs-Ia ( Fig. 1 ) in some culture isolates of Acidobacteria suggests that these bacteria are 50 likely the producers of at least one of the brGDGTs observed in natural settings (Sinninghe 51 Damsté et al., 2011) . The brGDGTs comprise three series (I, II and III) according to their degree 52 5 mixture of five subsamples (depth < 3 cm) collected from randomly selected localities in a 121 quadrant (ca. 50cm×50cm). After removal of residual roots, all samples were immediately 122 transported to the laboratory and stored at -20 °C until further analysis. 123 124 2.2 Environmental variables 125 SWC was determined for the two contrasting seasons, the rainy/warm season (July) and the 126 cold/dry season (March) . Soils are frozen from December to April. The soils were freeze-dried, 127 and the SWC was measured by calculating the difference before and after the freeze drying: 128 SWC = (Wb -Wa)/Wb ×100% 129
where Wb and Wa denotes the soil weight before and after the freeze drying. The wet weight was 130 obtained in the field immediately after sampling. 131
Soil pH measurement followed Weijers et al. (2007) . Each sample was ground into fine 132 powder using a pestle and mortar and the dry sample was mixed with ultra-pure water in a ratio of 133 1:2.5 (g/ml). The mixture was centrifuged and the pH of the supernatant was measured three times 134 using a pH meter, having a precision of ± 0.01. The average value of three measurements was 135 taken as the final pH of soil. The soil conductivity was also obtained by measuring the 136 supernatants with a conductivity meter. The soil salinity was determined as the sum of the 137 concentration of major cations (Li + , Na + , NH4 + , K + , Mg 2+ and Ca 2+ ) and anions (F -, Cl -, NO2 -, 138 SO4 2-, Br -, NO3and PO4 3-) in the supernatant (soil: water, 1:2.5, g/ml), determined using an ion 139 chromatograph (ICS 600, Thermo Fisher, USA). The in situ temperature for each sampling site 140 was measured in the field using a soil thermometer, although it is important to note that soil 141 temperature is transient and varies within a day. 142 143
Lipid extraction 144
An aliquot of each sample (5-10 g) was extracted with dichloromethane: methanol (9:1, v/v) 145 using an Accelerated Solvent Extractor (ASE 100, Dionex) at temperature of 100 °C and a 146 pressure of 76 bar. The total lipid extract (TLE) was concentrated under reduced pressure by a 147 rotary evaporator. Samples were then base hydrolyzed in 1 M KOH/methanol (5% H2O in 6 fractions on a silica gel column using n-hexane and methanol, respectively. The polar fractions, 151 containing GDGTs, were passed through 0.45 μm PTFE syringe filters and dried under nitrogen 152 gas. We might miss the glycolipids after base hydrolysis, but the GDGTs generated from 153 glycolipids may only represent a minor fraction of total GDGTs and would not influence the 154 distribution and concentration of CL GDGTs. 155 156
GDGT analysis and proxy calculation 157
The GDGT analyses were performed using Agilent 1200 series liquid 158 chromatography-atmospheric pressure chemical ionization-mass spectrometry (LC-APCI-MS), 159 equipped with autosampler and Masshunter qualitative software. The polar fractions were spiked 160 with an aliquot of internal C46 GDGTs standard (Huguet et al., 2006) and re-dissolved in 300 μl 161 n-hexane:ethyl acetate (EtOA) (84:16, v/v). The liquid chromatography methodology followed 162 Yang et al. (2015) . The injection volume was 5 μl. Separation of C5-and C6-methylated 163 brGDGTs was achieved using two silica columns in succession (150 mm × 2.1 mm, 1.9 μm, 164 Thermo Finnigan; USA) maintained at 40 °C. GDGTs were first eluted isocratically for the first 5 165 min with 84% A and 16% B, where A = n-hexane and B = EtOA. The following elution gradient 166 was used: 84/16 A/B to 82/18 A/B from 5 to 65 min and then to 100% B in 21 min, followed by 167 100% B for 4 min to wash the column and then back to 84/16 A/B to equilibrate it for 30 min at a 168 constant 0.2 ml/min throughout. We scanned for both archaeal isoGDGTs and bacterial brGDGTs 169 using single ion monitoring (SIM) at m/z 1302, 1300, 1298, 1296, 1292, 1050, 1048, 1046, 1036, 170 1034, 1032, 1022, 1020, and 1018, to improve the signal to noise ratio. The MS conditions 171 followed Hopmans et al. (2004) . GDGTs were quantified from integrated peak areas of the 172
[M+H] + ions. Because we assumed the response factor between the internal standard and 173 respective GDGTs to be 1:1, the concentrations should be considered as semi-quantitative. The 174 C6-methylated brGDGTs were denoted by an accent after the roman numerals for their 175 corresponding C5-methylated isomers. 176 CBT and MBT' were calculated according to the following equations: 177
(1) 178 MBT' = (Ia+Ib+Ic)/(Ia+Ib+Ic+IIa+IIa'+IIb+IIb'+IIc+IIc'+IIIa+IIIa')
(2) 7 brGDGTs (De Jonge et al., 2014a) and calculated as follows: 181 CBT5ME = -log[(Ib+IIb)/(Ia+IIa)]
( 3) 182 MBT'5ME = (Ia+Ib+Ic)/( Ia+Ib+Ic+IIa+IIb+IIc+IIIa) (4) 183 CBT6ME = -log [(Ib +IIb')/(Ia +IIa')] (5) 184
MBT'6ME = (Ia+Ib+Ic)/( Ia+Ib+Ic +IIa' +IIb' +IIc' +IIIa') (6) 185 
Environmental variables along the SWC transect 213
The SWC during our sampling campaign in July ranged from 0 to 61% within the 100-m 214 transect along lake Erhai (Fig. 2) . The SWC was lower in March (0 to 30 %), but important in the 215 context of this study is that the SWC gradient was sustained in both seasons. 216
The soil pH varied between 6.8 and 8.6, and showed no relationship with SWC (R 2 = 0.00). 217
The in situ soil temperature measured during sampling ranged from 14°C to 22°C and showed a 218 weak negative correlation with the SWC (R 2 = 0.41, p < 0.05); soils with more water could have a 219 higher specific heat capacity than the relatively drier soils. The soil conductivity and salinity had 220 no significant relationship with the SWC (R 2 = 0.25 and 0.27, respectively), indicating that 221 dilution by soil water was not the primary control on the concentration of the ions in these soils. 222 223
The concentration and distribution of GDGTs 224
BrGDGTs and isoGDGTs were detected in all samples. The (semi-quantiative) concentrations 225 of isoGDGTs and brGDGTs ranged from 11 to 82 ng g -1 TOC and from 6.2 to 430 ng g -1 TOC, 226 respectively. The SWC appeared to exert a significant influence on the relative abundance of 227 bacterial brGDGTs and archaeal isoGDGTs ( Fig. 3) . Bacterial brGDGTs were more abundant than 228 archaeal isoGDGTs in humid soils, but the opposite occurred in soils with SWC < 20% ( Fig. 4) , 229 corroborating the reliability of Ri/b as a drought proxy in Chinese soils (Xie et al., 2012; Yang et al., 230 2014) . The distribution of isoGDGTs was also significantly affected by SWC ( Fig. 5a, 0<p<0 .01). 231
The acyclic isoGDGT-0 dominated in the relatively high SWC soils, whereas concentrations of 232
isoGDGT-1 to -3 as well as crenarchaeol were higher in soils with low SWC (Fig. 3, 5a ). SWC 233 also had a clear impact on the absolute concentration of all brGDGTs, with higher abundance in 234 wetter soils (supplementary Fig. S1 ). The absolute concentration of bacterial brGDGTs showed no 235 relationship with other environmental variables, including TOC, conductivity, pH and salinity. 236
Crucially, the relative abundance of several brGDGTs was strongly correlated with SWC ( Fig.  237 6). BrGDGTs Ia, Ib, and Ic dominated in relatively humid soils, whereas major C6-methylated 238 brGDGT components, including IIIa' and IIa', were most abundant in relatively dry soils ( Fig. 6) . 239
In particular, the relative abundances of Ib, IIa', IIb' and IIIa' exhibited the highest (R 2 > 0.69) 240 correlation with SWC ( Fig. 6 ). The impact of SWC on individual brGDGTs was further supported 241 by the RDA (Fig. 5b ). The first two axes explained 74% of the brGDGT variation, with axis 1 242 accounting for 72% of variance; SWC primarily loaded on axis 1 (p=0.001), and the partial RDA 243 result showed that SWC alone could explain 39.2% of the variance. SWC appeared to be the 244 dominant control on the brGDGT dataset and the proxies based on them (Fig. 5b, c) . 245 C6-methylated brGDGTs and related proxies both exhibited higher correlation coefficients with 246 SWC than C5-methylated isomers (Fig. 5b , c and 6). All the major ions showed no significant 247 relationship with brGDGTs ( Fig. 5d ), except for Ca 2+ exhibiting moderate correlations with IIb', 248
IIIa' and Ib. 249 250 4. Discussion 251
SWC gradient sustained in the transect 252
In comparison with the rainy season (July), the SWC was lower in the dry winter season 253 (March). However, the SWC gradient was sustained in both seasons (see supplementary 254 information). This is because the gradient is sustained by the lake water via groundwater 255 percolation, not by the precipitation (e.g. Gregorich et al., 2006; Xu et al., 2014) . The seasonal 256 variation in absolute SWC will not produce a bias in our investigation of SWC impact on 257 brGDGTs as these depend on the existence of a gradient, not the absolute values of SWC. Indeed, 258
we observe similar relationships for both the wet (below) and dry (supplementary Fig. S2 ) seasons. 259
However, the choice of season will affect the magnitude of the relationship; because we use July 260 SWC, our correlations reflect a conservative estimate of the SWC-control on GDGTs. 261 262
SWC impacts on the degree of methylation of C5-and C6-methylated brGDGTs 263
Our SWC transect spans only a few hundred meters and as a result is characterized by 264 constant MAT and MAP and a small range of pH, which allows us to assess the influence of soil 265 moisture independent of other variables. The results show that SWC impacts both the 266 concentration and the degree of brGDGT methylation in soils. The ratios of IIIa/IIa and IIIa'/IIa' 267 reflect the degree of methylation of the C5-and C6-methylated brGDGTs, respectively. In our 268 sample set the ratio of IIIa/IIa correlates positively with that of IIIa'/IIa' (Fig. 7a , R 2 = 0.84, p < 269 0.001), implying that the degree of methylation is controlled by similar factors for both isomers. 270 correlation with SWC, whereas the IIIa/IIa ratio appears to have a more complex relationship with 274 SWC, with data falling into two clusters. In relatively humid soils, the %IIIa is considerably lower 275 than %IIa, resulting in a relatively low and constant IIIa/IIa value. In contrast, the %IIIa is higher 276 than %IIa in relatively dry soils, and the ratio of IIIa/IIa has a persistently high value. 277
Consequently, SWC might exert a greater impact on the degree of methylation of C6-methylated 278 brGDGTs compared to that of C5-methylated brGDGTs. 279
The ratios of IIIb/IIb and IIIb'/IIb' (Fig. 7d ) are also correlated, albeit with an apparently 280 exponential relationship; the IIIb/IIb and IIIb'/IIb' ratios also exhibit an exponential relationship 281 with the SWC (Fig. 7e, f ). Both contrast with the linear relationships seen for IIIa/IIa and IIIa'/IIa'. 282
These results suggest that the response to changes in SWC of brGDGTs containing cyclopentane 283 rings is different compared to those that lack cyclopentane rings. 284
In addition, we find a significant negative correlation between the degree of cyclisation of 285 brGDGTs (CBT) and SWC ( Fig. 8a ; R 2 = 0.66, p < 0.001), which is similar to that observed in 286 other studies (Wang et al., 2014) . The recently proposed CBT6ME indices, based on C6-methylated 287 brGDGTs (De Jonge et al., 2014a), show higher correlation (R 2 = 0.7, p < 0.001) with SWC than 288 CBT5ME does (R 2 = 0.57, p < 0.001) ( Fig. 8b, c) , further supporting our hypothesis that SWC has a 289 greater impact on C6-methylated brGDGTs than C5-methylated isomers. 290 291
SWC impacts on MBT' 292
As shown above, both C5-and C6-methylated brGDGTs are impacted by SWC, and our 293 data show a significant positive correlation between MBT' and SWC ( Fig. 8d ; R 2 = 0.72, p < 294 0.001), providing an evidence for the impact of soil SWC on the MBT' in soils around Lake Erhai, 295 representative of semi-arid and arid regions of China. The MBT'6ME, based on C6-methylated 296 brGDGTs alone, exhibits a significantly higher correlation with SWC ( Fig. 8f ; R 2 = 0.75, p < 297 0.001) than MBT'5ME. This is consistent with our observation that SWC exerts a stronger impact 298 on C6-methylated brGDGTs (further supported by RDA, Fig. 5c ). The weaker but significant 299 correlation between MBT'5ME and SWC ( Fig. 8e ; R 2 = 0.5, p < 0.001) suggests the possibility that 300 Nonetheless, it remains unclear how SWC directly or indirectly affects brGDGT 302 distributions. One possibility arises from the impact of SWC on soil specific heat capacity, causing 303 differences in in-situ soil temperature. However, several lines of existing evidence, along with the 304 data in this study, collectively suggest that in-situ soil temperature decreases with increasing SWC 305 (Idso et al., 1975; Wildung et al., 1975; Davidson et al., 1998; Li et al., 2007) . This should have 306 resulted in a negative correlation between SWC and MBT', which is opposite to our finding and 307 demonstrates the direct impact of SWC (rather than of temperature) on MBT' in our data set. 308
A recent study on ester-containing phospholipids of bilayers showed that linear-chain 309 phospholipids induced a higher rate of solute and water diffusion compared to branched-chain 310 phospholipids (Balleza et al., 2014) . Under drier conditions, the availability of soil water becomes 311 a critical environmental stress for bacterial growth, and we speculate that the brGDGT-producing 312 bacteria could synthesize more branched membrane-lipids to reduce the rate of diffusion, resulting 313 in the observed lower MBT'. Alternatively, SWC could be an indirect control by influencing soil 314 oxygen content. Oxygen content can affect the distribution of bacterial and archaeal communities 315 (Lüdemann et al., 2000; Hansel et al., 2008) , and has been argued to control the abundance of 316 brGDGTs in soils as the brGDGTs-producing bacteria are likely to be anaerobic (Weijers et al., 317 2006a, b) . Up to now, previous studies have not suggested that oxygen content could influence 318 brGDGTs distribution, but that possibility cannot be precluded. Oxygen content was not 319 determined in the field, but a first order relationship between SWC and oxygen content in these 320 samples appears to be confirmed by other aspects of the GDGT distribution. The 321 isoGDGT-0/crenarchaeol ratio, which is generally thought to reflect the abundance of anaerobic 322 methanogens (Blaga et al., 2009; Powers et al., 2010) , increases significantly with increasing 323 SWC ( Fig. 4 and our previous study of soils from Mt. Shennongjia, MBT' had no relationship with temperature, but 332 significant correlation with temperature was observed after eliminating the samples with more 333 C6-methylated brGDGTs than C5-methylated isomers (Yang et al., 2015) . This likely reflects the 334 stronger temperature control on C5-methylated brGDGTs (De Jonge et al., 2014a) and the stronger 335 SWC control on C6-methylated brGDGTs. Therefore, temperature controls MBT' in the samples 336 from Mt. Shennongjia when C5-methylated brGDGTs dominate over C6-methylated brGDGTs 337 (IR6ME=0.10 to 0.48) (Fig. 9a ). Hence, we suggest that the ratio of C6-relative to C5-methylated 338 brGDGTs could be a useful indicator for settings where MBT' is governed primarily by 339 temperature. 340 500mm. We find that the data show different trends for these two groups (Fig. 10) . MBT' exhibits 356 a positive correlation with MAT when MAP > 500mm, but not when MAP < 500mm, indicating 357 that precipitation (soil moisture content) influences the correlation between MBT' and temperature 13 The relative abundance of C6-to C5-methylated brGDGTs, as shown above, could provide 361 an independent means to discriminate the relative importance of temperature vs precipitation 362 controls on MBT' in palaeoclimate reconstructions. The global brGDGT dataset (De Jonge et al., 363 2014a) was separated into two groups, those with IR6ME above and below 0.5 (see supplementary 364 Fig. S4 for the determination of the cut-off value). When IR6ME < 0.5, we found that MBT' shows 365 a significant correlation with MAT ( Fig. 11d , R 2 = 0.71, p < 0.05) but a weak correlation with 366 MAP or pH (Fig. 11e, f ; R 2 = 0.36 and 0.19, p < 0.05, respectively). This is likely because only a 367 relatively low amount of C6-methylated brGDGTs was present in these soils, and MBT' primarily 368 reflects the variation of MBT'5ME. In contrast, when IR6ME > 0.5, MBT' shows a significant 369 correlation with MAP ( Fig. 11h , R 2 = 0.61, p < 0.01) but weak correlation with MAT or pH ( Fig.  370 11g, i; R 2 = 0.35 and 0.27, respectively). This suggests that MBT' can be used as an index for 371 paleoprecipitation reconstructions in regions with IR6ME > 0.5. 372
The relative amount of C6-to C5-methylated brGDGTs is suggested to be primarily 373 controlled by soil pH (De Jonge et al., 2014a; Yang et al., 2015) . Similar relationships as those 374 described above, can also be found if the two groups are divided by a soil pH cut-off of 7 375 (supplementary Fig. S5 ). Nevertheless, the IR6ME is not strictly controlled by pH. In acidic soils, 376 the relative amount of C6-methylated brGDGTs is not always low. Likewise, there are abundant 377 C5-methylated brGDGTs in some alkaline soils. Therefore, application of IR6ME appears to be 378 better than soil pH to discriminate which environmental factor controls the MBT' proxy. In any 379 case, it can be determined directly for palaeoclimate investigations, allowing its direct application 380 in assessing the viability of MBT(')/CBT-based paleotemperature reconstructions. 381 382
Conclusions 383
We have investigated the variations in GDGT abundances and distributions in soils along a 384 large SWC gradient in China. SWC has a strong impact on the relative abundance of both 385 brGDGTs and isoGDGTs, as well as the absolute abundance of brGDGTs. Crucially, we show that 386 both the methylation and cyclization of brGDGTs are impacted by SWC. In particular, the degree 387 of methylation of the acyclic C6-methylated brGDGTs exhibits a linear correlation with SWC, 388 whereas that of C5-methylated isomers falls into two clusters. And SWC exerts a greater impact 14 of C6-methylated brGDGTs compared to that of C5-methylated brGDGTs. 391
Our investigation confirms and helps explain previous arguments that paleotemperature 392 reconstruction based on the MBT'/CBT proxy could be biased in arid and semiarid regions. 393
However, our work also reveals that this can be resolved by separating the global dataset into two 394 groups with an IR6ME cut-off of 0.5. We find that MBT' shows a significant correlation with MAT 395 when IR6ME < 0.5 but with MAP (i.e. soil moisture) when IR6ME > 0.5. In alkaline and generally 396 arid regions (like loess-palaeosol sequences), the soil water availability seems to be more 397 important under a condition of water scarcity and the relative amount of C6-methylated brGDGTs 398 is generally high, thus the influence of SWC on MBT' will be obvious and result in a large 399 deviation of reconstructed temperature in these regions. Therefore, the IR6ME can be used to assess 400 whether application of the MBT(')/CBT proxy is appropriate in paleotemperature reconstructions. 
